This letter reports on new methods and results for the trajectory visualization and tracking of large inertial particles in a laminar (chaotic) mixing tank. Using specially designed lightemitting capsules, particle orbits were visualized using streak photography to reveal pathlines of capsules moving in the laminar fluid flow. In this report, we present visualization results on unexpected trapping of particles whereby finite-sized particles/capsules can spontaneously localize into the vortex tubes in the laminar stirred system. Once into tubes, large inertial particles move in helical orbits as do the passive particles. Mixing tanks have been in use over a number of centuries but this trapping phenomenon has been consistently ignored. We also measure the three-dimensional position of large inertial particles over time using an externally positioned camera and planar mirror in a calibrated set-up. As the light capsules used in this study give very high contrast even when the fluid is murky, the work provides a sound basis for further research development of measurement techniques for large (industrial) scale flows.
Introduction
Agitated tanks are usually employed to homogenize materials for a number of processes. The versatility of agitated tanks has made them the most popular mixing equipment for centuries.
In particular, laminar mixing has attracted much attention in the past decade (Alvarez et al., 2002; Arratia et al., 2005; Arratia et al., 2006) . Recently, we reported a novel type of particletrapping in a laminar stirred tank (Wang et al., 2014a,b) . In these studies, we showed how inertial particles can spontaneously cluster into small regions of the vessel when stirring increases above a critical value.
Measuring and visualizing particle pathlines is of particular interest in the study of particle trapping in mixing vessels. Instead of using conventional techniques (Jilisen et al., 2013) , such as Particle Tracking Velocimetry (PTV), Particle Imaging Velocimetry (PIV), Laser Doppler Velocimetry (LDV), we used techniques that are particularly useful in producing visualization images and trajectory data in large-scale stirred tanks. In the past, PTV, PIV and LDV have been widely employed for measuring velocities for a number of applications, and the choices of appropriate seeding particles and transparency of the working liquid are particularly important for these techniques (Abe et al., 2004; Abram et al., 2013; Foreman et al., 1965; Maas et al., 1993; Malik et al., 1993) . In addition, one of main restrictions associated with these techniques is the limited measurement area. In this paper, we aim to propose a method that is useful for measuring particle trajectories for many opaque industrial and murky flows.
We combined streak photography with internally illuminated particles to visualize individual Lagrangian particle orbits and collective Lagrangian coherent structures in both small-and large-scale stirred tanks. Moreover, with the addition of a mirror to give orthogonal views of the flow, we could measure the quantitative three-dimensional position coordinate of individual orbits as they evolved with time. We anticipate that these approaches are applicable to measure the trajectories of particles in other large-scale systems.
Capsule Tracking Velocimetry
The main innovation of this study is the development of light emitting sensor capsules that can be used to trace out the particle orbits in a stirred tank. Each capsule (Fig. 1) Stewart et al., 2015a . In this study, the streamline flow visualization functionality of the capsules was used. This visualization approach involved simply switching on the LEDs for a number of capsules and then manually inserting them into the fluid in the mixing tank.
Photographs were then taken, using sufficiently long exposure times, resulting in colored pathlines being traced out in the images due to the movement of the capsules in the flow. The length of the pathlines could be varied by changing the photograph exposure times. Capsules with different colored LEDs were used, allowing different pathlines to be distinguished. By using this technique, various flow structures within the mixing tank could be visualized.
A related technique is Capsule Tracking Velocimetry (CTV). This technique also uses lightemitting sensor capsules but provides a means for quantitatively recording particle trajectories. We have applied this method, using a smaller 19 mm diameter red-light capsule, to reconstruct a particle's trajectory in three-dimensions. For the tracking experiment, a single camera and a planar mirror were used in a calibrated set-up (see Fig. 2a ). The set-up provides two unique views of the mixing tank which allows a particle's 3D position to be estimated. A detailed description of the method is given by Stewart et al., 2015b . To attain the longexposure images, we positioned camera just above the liquid level, as shown in Fig. 2b . Fig.   2b also shows the tank and impeller system used in the study.
CTV uses an intrinsic camera calibration to determine the properties of the camera (focal length, principal point etc.). Extrinsic calibration is then carried out to estimate the relative pose of the camera with respect to a virtual camera (resulting from the mirror). A coordinate transformation is found that allows the capsule position to be given relative to the coordinate system of the mixing tank (rather than the camera's coordinate system). Once these steps have been performed, the 3D position of a capsule can be found from recorded video images.
Each image provides two unique views, so that the image coordinates of the capsule are found through image processing using a (red) color filter and blob detection (Stewart et al., 2015a ). The image coordinates are then triangulated to find the capsule's 3D position.
Results and Discussion
Understanding the dynamics of transported inertial particles in engineering fluid flows is a longstanding problem with wide applicability (Eaton and Fessler, 1994; Ouellette et al., 2008; Gilbert et al., 2012; Monchaux et al., 2012) . In fluids flows, the inertia of particle is given by where L is the characteristic length scale of fluid flow, a is the particle diameter Re is the Reynolds number of carrier flow, St is the Stokes number (Spsis and Haller, 2010) , and R is the density ratio. gives the ratio of the particle relaxation time and the typical timescale of the flow. Note that the larger the inertia parameter, the more important the effect of inertia.
Here, we use CTV and show trapping of inertial particles ( ~ 0.001) occurs in laminar and chaotic flows (Fig. 3) . We have showed the mechanism of localization is essentially a scattering instability where particles 'hit' a type of coherent structure in the laminar fluid flow that scatters particles into the non-communicating regions where they remain confined.
We find that there is an inertia dependent threshold for this clustering effect beyond which particles become unstable in the high strain regions and subsequently are separated into the low strain regions. As the instability boundary only depends on fluid/particle properties and a characteristic strain rate, we expect to find this type of clustering instability active in many flows (Wang et al., 2014a, b) .
As discussed above, we have used a new method to visualize the particle trajectories. Figs. 4a-b show the trajectories of large inertial particles ( ~ 1) flowing at the liquid surface during a ~10s exposure time. Fig. 4c shows the particles can be further sucked into the regions below the liquid surface. The photograph in Fig. 4d shows the orbit of a single light capsule from its introduction to the fluid surface next to the impeller. The particle orbit spontaneously and quickly moves from the chaotic regions into the vortex tube. This provides direct evidence that large inertial particles tend to concentrate into the vortex tubes, as well as relatively smaller inertial particles (Fig. 3) .
A longer exposure time (~30s) was also used to capture the pathlines of particles once they had been trapped in vortex tubes. All the experiments were conducted in a dark environment.
The camera aperture was adjusted to minimize the background effect. Figs. 5a-c show that, after swirling around chaotically in the liquid for a while, particle moves into isolated, donut shaped tubes that the flow creates above the stirring bar. Particles are captured in the tubes, and, once captured, particles follow helical paths inside the tubes and cannot escape. Despite mixing tanks/blenders being in everyday use for centuries in everything from bench top beakers to giant industrial vessels, the possibility of such particle capture (in agitation vessels) had never been seen or even suspected before. Photographs like these didn't just bring particle capture into view, they also helped us explain how particle capture works and to predict the exact conditions under which particles of different sizes or densities can be captured. Ultimately, this will lead to more energy efficient and precise solid-liquid separation technologies.
We repeated the experiments using several capsules, and similar trapping behavior was triggered in the same mixing system (Fig. 6a-b) . It is also interesting to note form Figs. 6a,b that introduction of large particles did not destroy the laminar coherent structure, and trapping can be still sustained in this situation. In particular, Fig. 6a clearly shows that the orbits of the three capsules spontaneously and rapidly move from the chaotic region into the vortex tube. Fig. 7 shows that particles follow similar helical orbits above and below the impeller respectively. These results outlined above show conclusively that large particles could , under the right conditions, be repelled from chaotic mixing regions, and then once they move into the nearby vortex tubes, they follow symmetrical Lagrangian flow structures.
In this study, we also offer some preliminary quantitative results on particle trajectories based on the streak data. Fig. 8 shows the results from the CTV experiment. The particle orbit in three dimensions has been reconstructed and shows the capsule moving in a vortex tube. The particle trajectory is visualized in three dimensions in Figs. 8a and 8c, with a twodimensional overhead view given in Fig. 8b. Fig. 8d shows the separate x, y and z axis components of the reconstructed trajectory. The x,y,z, components are period or quasiperiodic, which is consistent with helical orbits expected within a stationary vortex tube.
CTV measurements require intrinsic and extrinsic calibrations, and we also realized that effects of wall boundary refraction on measurement accuracy could be neglected (Stewart et al., 2015b) . On the other hand, the uncertainty in CTV results is affected by the capsule size, the centroid detection algorithm, the selected triangulation approach and the geometry of the particular set-up used. We have developed an analytical model for the 3D measurement uncertainty (Stewart et al., 2015b) . We found that a larger capsule results in a larger positional error. In addition, it is likely that image resolution can appear to be the most significant factor influencing uncertainty. For a different setup using camera (a focal length of 2.45cm, resolution of 656 × 490 pixels), the 0.99 quantile of the position error in the 3D
overlapping field of view (FOV) 1.36cm and 1.71cm for capsules of diameters 1.9cm and 2.4cm respectively (Stewart et al., 2015b) . In those cases, the capsule diameters are larger than the overlapping FOV, indicating that the CTV technique we developed is a sound approach to measure 3D particle trajectories in large engineering devices. It is also anticipated that similar uncertainly will be found in the current setup. (Speciale, 2006 ). An actual 3D printed structure based on the measured data still presents a practical challenge mainly due to insufficient amount of collected data using the current setup. On-going experiments are being conducted to look into this. However, it should be noted that the usage of 3D printing for this kind of application may give more insights into how particle trajectories can be altered in different large-scale flows. To our best knowledge, information on 3d printed structure of particle trajectory is unavailable in the literature. Ouellette et al. (2008) studied the dynamics of smaller neutrally buoyant finite-sized particles (0.00016 ≤ ≤ 0.076) in a 2D laminar chaotic flow, and found that the misalignment of particle and fluid trajectories is the main consequence of the inertia of large particles (Ouellette et al., 2008) . In our case, the inertia of large particles resulted in that the velocities of the particles differ from those of fluid elements in the 3D chaotic sea, and the particles subsequently migrate into the nearby vortex tube(s), which has been confirmed by the visualization results. We also believe that the visualization results shown here can be used to explain how effects of inertial forces could alter the particle trajectories in the 3D complex chaotic flows. In addition, fluids used in this study can be highly murky, considering that the light capsules offer very high contrast. This technique could be thus potentially used for a number of systems where opaque flows are encountered. In those situations, neither PIV nor LDV is really feasible due to the requirement of good transparency of the liquids or systems.
Obviously, many avenues exist for future studies. Reduction in capsule size could be the important to gain more insights into smaller scale mixing systems; 3D printing of particle trajectory using actual experimental data will be of our particular interest; simultaneous velocity/trajectory measurements of a number of small capsules are also very useful for exploring this trapping phenomenon.
It should be noted that the light capsules we used here offer extremely high contrast when the fluid is murky, thus it can be potentially used for many opaque industrial flows that are not otherwise amenable to PIV or LDV measurements.
Conclusion
We developed a new approach to visualize the inertial particle trajectories in mixing systems using the light emitted capsules. We directly visualized inertial particles localized into some specific regions in the laminar stirred system. Once in the tubes, particles follow symmetrical Lagrangian flow structures. The visualization results could be used to explain how effects of inertial forces trigger this unexpected trapping mechanism.
The 3D position of a particle was successfully analyzed and recorded over time using an externally positioned camera along with a planar mirror in a calibrated set-up. We expect that this approach is also applicable to many large mixing and engineering systems, where information of particle trajectory is of particular interest. Particle trajectory printed by a 3D printer. The trajectory resembles the images in Fig. 5a .
